Studies of cells transfected with specific expression vectors allow functions of specific gene products to be investigated. We first established optimum conditions for transfection of neonatal cardiac myocytes in primary culture. Increased proto-oncogene expression has been implicated in the development of cardiac hypertrophy; we therefore wished to examine the effects of overexpression of the c-myc and c-fos proto-oncogenes induced by cell transfection on cell growth. 2. Neonatal rat ventricular myocytes were transfected by electroporation, voltage and capacitance settings were optimized and these conditions were then used to transfect expression vectors encoding MYC and FOS proteins into this cell type. Effects on cell number, DNA synthesis and protein content were determined. 3. Increased expression of c-myc and c-fos in cells transfected with proto-oncogene expression vectors was confirmed by Northern and Western blotting. Increases in cardiac myocyte cell number, DNA synthesis and total cellular protein were observed in cells transfected with either c-myc or c-fos expression vectors compared with cells transfected with non-coding vectors. 4. Overexpression of MYC and FOS proteins results in hyperplastic rather than hypertrophic growth of the neonatal rat heart, providing evidence for a role of these proteins in the control of myocardial growth.
INTRODUCTION
Myocytes proliferate throughout foetal and early neonatal life but later in development, proliferation ceases and any further growth of the heart results from hypertrophy of pre-existing striated myocytes and hyperplasia of the non-muscle components [l] . Cardiac hypertrophy is an adaptive response of the ventricular myocardium to a variety of physiological and pathological stimuli which increase cardiac work. Hypertrophy of the left ventricle induced by pressure overload, such as that resulting from constriction of the aorta, is associated with upregulation of genes normally expressed only in the foetal or neonatal heart, including p myosin heavy chain and skeletal o! actin [2-41. It has also been shown that treatment of cultured rat myocytes with peptide growth factors such as the acidic and basic fibroblast growth factors and transforming growth factor / 3 elicits changes in myocardial gene expression similar to those induced by increased haemodynamic load Little is known about how mechanical load or humoral signals are converted to intracellular signals of gene regulation and an increase in cardiac mass. Several lines of evidence suggest that processes which stimulate hypertrophic growth of myocytes are coupled to the control of cardiac mass through specific signal transduction pathways involving proteins encoded by proto-oncogenes [6-81. Protooncogenes so far implicated include c-myc and c-fos, which encode DNA-binding proteins that directly regulate gene transcription. We and others have reported that left ventricular hypertrophy secondary to aortic constriction resulted in increased expression of p myosin heavy chain, c-myc and c-fos RNAs in the hypertrophied ventricle [3, 4, 91. Increased levels of c-myc and c-fos mRNA were similarly evident in the left ventricular myocardium of spontaneously hypertensive rats compared with Wistar-Kyoto controls [4] . In contrast, cardiac hypertrophy induced by thyroid hormone administration was not associated with augmented pretranslational expression of the c-myc and c-fos genes [lo]. While the results from studies of animals with cardiac hypertrophy due to aortic coarctation or hypertension support a role for the c-myc and c-fos gene products in the control of cardiac growth, the results of the thyroid hormone-induced hypertrophy model suggest that, contrary to the widely held view [11], augmented expression of these genes is not an essential prerequisite for the development of myocardial hypertrophy.
The experimental models so far employed in in vivo studies have not defined precisely this putative role of proto-oncogene proteins in the myocardium. In the studies reported here, an in vitro model of neonatal rat cardiac myocytes in primary culture was used to define directly the role of the c-myc and c-fos gene products in controlling myocyte growth. To achieve this aim we developed a system for transfection of proto-oncogene expression vectors which induce specific overexpression of the MYC and FOS proto-oncogene proteins in cardiac myocytes. Methods for transient transfection of many clonal cell lines are well established [12], but little information exists regarding methods for transfection of myocardial cells in primary culture. Cardiac myocytes were transfected using calcium phosphate precipitation, treatment with DEAEdextran, liposome-mediated transfection and electroporation. The efficiency of transfection was determined by transfecting myocytes with the plasmid RSV-CAT, which encodes the bacterial chloramphenicol acetyltransferase (CAT) gene linked to the Rous' sarcoma virus (RSV) promoter, and assessing expression of the transfected gene using a CAT assay.
Having established that electroporation was the optimum procedure for transfection of primary cultures of neonatal rat cardiac myocytes, the effects of enhanced proto-oncogene expression on parameters of cell growth such as cell number, DNA and protein levels were determined.
METHODS

Culture of neonatal rat myocytes
Primary cultures of neonatal rat cardiac myocytes were established as described previously [13] . The investigation was performed in accordance with the Home Office Guidance on the Operation of Animals (Scientific Procedures) Act, 1986. Briefly, 1-3-day-old rats were killed by decapitation, their hearts were removed and the ventricles cut into small pieces and incubated at 37"C, with gentle stirring, in 0.25% trypsin for 9 x 8 min duration dispersions. The supernatants from the first three trypsinizations were discarded; supernatants 4 to 9 were added to culture medium [89% Dulbecco's modified Eagle's Medium without glutamine, 10% foetal calf serum, 1% penicillin and streptomycin (DMEM+FCS)], filtered through a cell sieve (Falcon cell strainer, 70pm pore size, Becton Dickinson Labware, NJ, U.S.A.) to remove debris, pelleted using a bench centrifuge (600g for 3min) and resuspended in culture medium. The cells were plated into a Petri dish and incubated at 37T, 8% COz for 30min to allow attachment of fibroblasts. The supernatant was removed and used for transfections.
Transfection with calcium phosphate
After isolation as described above, myocytes were plated into 6-well plates (2 x 106 cells per well) and incubated overnight at 3TC, 8% COz. DNA was ethanol-precipitated, resuspended in 10 mmol/l Tris buffer, and mixed with 2 x Hepes-buffered saline/ 2 mol/l calcium chloride. The calcium phosphate precipitate was added to the cells and left for either 6 h or overnight. The culture medium was removed, cells were washed with PBS, fresh culture medium was added and the cells were incubated for 48 h to allow expression of the transfected CAT gene.
Transfection with DEAE-dextran
After isolation as described above, myocytes were plated into 6-well plates (2 x 106 cells per well) and incubated overnight at 37"C, 8% COz. The culture medium was removed, cells were washed twice with Hanks balanced salt solution (HBSS) and treated with 1 ml of dextran transfection mix (100 or 200 pg/ml DEAE-dextran in 50 mmol/l Tris, pH 7.5, containing 40 pg of DNA). The cells were incubated at 37°C in the dextran mix for various time periods ranging from 30 to 120 min. The mix was removed, cells were washed twice in HBSS, 2ml of DMEM+FCS was added to each well and the cells were incubated at 37°C for 48 h to allow expression of CAT. Cells were washed and harvested in HBSS and the cell pellets stored at -70°C.
Liposome-mediated transfection
Cells were plated into 6-well plates (2 x lo6 cells per well) and incubated overnight at 3TC, 8% COz. After the incubation the medium was removed, and the cells were washed and incubated overnight in serum-free medium. Plasmid DNA (10-40 pg of RSV-CAT) was mixed with Lipofectin reagent (Gibco-BRL), diluted with serum-free medium to a final concentration of 20 or 30 pg/ml, and incubated at room temperature for 15 min. The culture medium was removed, the cells were washed twice with HBSS, the DNA-Lipofectin complex was added and the cells were incubated overnight at 37°C. The medium was removed and replaced with DMEM+FCS and myocytes were incubated at 37°C for 48 h to allow expression of the transfected gene.
Transfection by electroporation
For this method, myocytes were used immediately after isolation. Cells were washed and resuspended in ice-cold PBS (calcium-and magnesium-free), 0.8 ml containing approximately 1 x lo7 cells was placed into a sterile electroporation cuvette (BioRad, 0.4cm gap), DNA (10-4Opg of RSV-CAT) was added to the cuvette and the cells were subjected to a high-voltage shock of defined magnitude using a BioRad electroporation apparatus fitted with a capacitance extender. The critical parameters that need to be optimized for successful electroporation are the voltage and capacitance settings. Combinations of a range of voltages from 150 to 300V, and the four available capacitance settings 125, 250, 500 and 960pF were used. After electroporation, the cuvettes were placed on ice for lOmin, cells were removed, diluted in DMEM+ FCS, plated into 6-well plates and incubated at 37°C for 48 h to allow expression of the transfected CAT gene.
Preparation of cell lysates
Myocytes were washed and harvested in PBS. Cell pellets were resuspended in 0.1 ml 0.25 mol/l Tris/ 0.5% Triton XlOO and left on ice for 10 min to lyse the cells. Samples were centrifuged at 10 000 g for 5 min to pellet the nuclei, and the supernatant was removed and incubated at 65°C for 5 to 10min to denature any potential endogenous acetylase activity. Samples were incubated on ice for 5min then centrifuged at 10 000 g for 5 min and the supernatant used in CAT/protein assays.
The protein content of cell lysates was determined using the method of Lowry et al. [14] .
CAT assay
Cell lysates were assayed for CAT activity using a method based on that described by Gorman et al. [15] . Fifty micrograms of cell lysate protein were incubated with 24mmol/l acetyl coenzyme A and 0.2mCi of [14C]chloramphenic~l at 37°C for 16 h. The reaction was stopped and the chlorarnphenicol was extracted by the addition of 200p1 of ethyl acetate. The acetylated reaction products were separated by TLC in chloroform-methanol (19: 1). After autoradiography of TLC plates, acetylated products were subjected to liquid-scintillation counting and the results expressed as pmol acetylated chloramphenicol h-' mg-I protein.
Once an efficient transfection protocol had been established for the myocytes, cells were transfected with the expression vectors pSV-myc which includes the SV40 viral promoter and c-myc coding sequences [16] , CMV-fos which encodes c-fos cDNA linked to a cytomegalovirus promoter [17] , or the control vectors pSV0 and CMVO which lack protooncogene coding sequences.
Western blot analysis
The protein products of the transfected protooncogenes were analysed by Western blot analysis using an enhanced chemiluminescence detection system [18] . Transfected cells were washed and harvested in PBS, and cell pellets were lysed by boiling in 5% SDS/1 mmolfl EDTA for 2min. Protein extracts were size-fractionated by SDS/ PAGE and transferred to a blotting membrane by semi-dry electrotransfer. Membranes were incubated overnight at 4°C with commercially available c-myc and c-fos antibodies (c-myc, Cambridge Research Biochemicals, Cambridge, U.K.; c-fos, Oncogene Science, Cambridge Bioscience, Cambridge, U.K.). Filters were washed in PBS containing 0.1% Tween 20, incubated for 2 h at room temperature with a horseradish peroxidase-coupled IgG secondary antibody and the antigen-antibody binding visualized using an enhanced chemiluminescence system (Amersham International plc, Amersham, U.K.).
Northern blot analysis
Total RNA was prepared from myocytes by the single-step guanidinium isothiocyanate method [19] . RNA samples were size-fractionated on a 1% formaldehyde agarose gel (30pg per lane) and transferred to a nylon hybridization membrane by capillary blotting. Membranes were hybridized and washed as described previously [20] . Levels of c-myc and c-fos mRNA in transfected myocytes were determined by hybridization to specific cDNA probes: c-myc, J558 [21] ; c-fos, pc-fos 1 [22] . Probes were labelled with 32P to a specific activity of 2 x los by random primer labelling [23] . Hybridization was visualized by autoradiography for 6 to 72h at -7O"C, with intensifying screens, and quantified by scanning densitometry.
Determination of cell numbers
Cell numbers at various time points were determined by haemocytometer counts. Culture medium was removed, cells were washed in PBS, two drops of 0.25% trypsin/EDTA solution were added to each well and the cells were incubated at 37°C for 2 to 3 min. Cells were resuspended in 1 ml of PBS and counted in an improved Neubauer counting chamber.
Measurement of DNA synthesis
After transfection, cells were grown in DMEM+FCS in 24-well plates. Sixteen hours before harvesting, the culture medium was replaced with DMEM+FCS containing 0.5 mCi/ml [3H]-thymidine and incubated at 37°C. After 16 h the medium was removed, cells were washed in PBS, 1 ml of ice-cold trichloroacetic acid was added to each well, and the plates were incubated at 4°C for 5 min. The trichloroacetic acid was removed, cells were washed twice in PBS and solubilized by incubation for 2 h at room temperature in 1 ml of alkaline SDS (1% SDS, 0.1 mol/l sodium hydroxide). The SDS lysates were added to a counting vial containing 4 ml of scintillation fluid and the incorporation of [3H]thymidine into the cells was determined by liquid-scintillation counting.
Measurement of total protein
Lysates were prepared from transfected and control cells by resuspending in 1 ml of 5% SDS/1 mmol/l EDTA and boiling for 2min. One-hundred microlitres of lysate were diluted to 1 ml with distilled water and absorbance measurements made at 235 and 280nm. Total protein was calculated as described by Whitaker and Grenum [24] : A235-A280/2.51 = mg/ml protein
RESULTS
Transfection procedures
Four methods for transfection of cardiac myocytes (calcium phosphate precipitation, treatment of cells with DEAE-dextran, liposome-mediated transfection and electroporation) were compared and the transfection efficiency determined by the level of expression of the CAT reporter gene. Treatment of cardiac myocytes with calcium phosphate or DEAEdextran resulted in undetectable levels of CAT expression. To optimize the electroporation procedure, a range of voltage and capacitance settings were used. Initially the capacitance was set at the maximum value of 960pF and the voltage varied from 150 to 300 V. From these results the optimal voltage was selected as 200V (Fig. 1) . Voltages higher than 300 V resulted in high levels of cell death (>go%). Once the voltage setting had been established, it was evident that the greatest transfection efficiency was obtained at the maximum capacitance setting (960pF) (Fig. 1) . In the liposome-mediated transfections, cells were exposed to either 20 or 30 pg/ml Lipofectin reagent for 16 h. Even using these relatively high concentrations of Lipofectin, this method was less efficient than electroporation (20 pglml Lipofectin, 36. 
Northern blot analysis
Myocytes were transfected with c-myc and c-fos expression vectors and proto-oncogene mRNA expression was determined by Northern blot hybridization to specific radiolabelled cDNA probes (Fig.  2) . this study it was decided to use 40 pg of vector DNA in subsequent transfections as this gave an easily detectable signal in the Northern hybridizations.
Western blot analysis
Increased MYC and FOS protein expression was observed in cells transfected with the expression vectors pSV-myc and CMV-fos compared with control cells (Fig. 4) . The sizes of both the MYC (62 and 66kDa) and FOS (62kDa) proteins are in accord with previous studies [25, of antigen-antibody binding was confirmed as the signal was abolished by preincubation of the antibodies with appropriate MYC and FOS peptides.
Cell numbers
In control cultures (not transfected) cell numbers increased with time, demonstrating that in this culture system cardiac myocytes retain the ability to proliferate (2 days, 34 f 2 x lo4 cells/ml; 4 days, 57 f 4 x lo4 cells/ml, n = 12, P<O.OOl using Student's t-test). Electroporation resulted in a significant reduction in cell viability (at 2 days controls, 34 &-2 x lo4 cells/ml; cells transfected with pSV0, 25 f 2 x lo4 cells/ml; cells transfected with CMVO, 28 f 2 x lo4 cells/ml; at 4 days controls, 57 f 4 x lo4 cells/ml; cells transfected with pSV0, 22 f 3 x lo4 cells/ml; cells transfected with CMVO, 23 f 2 x lo4 cells/ml; n = 12, P<O.OOl using Student's t-test). Cell numbers at 2 and 4 days post-transfection of myocytes with the c-myc and c-fos expression vectors are illustrated in Fig. 5 .
There was a significant increase in the number of c-myc-transfected cells compared with cells transfected with the control vector pSVO at 2 and 4 days after transfection, and a significant increase in the number of c-fos-transfected cells compared with cells transfected with the control vector CMVO at 4 days.
Measurement of DNA synthesis
DNA synthesis was increased in both the c-mycand c-fos-transfected cells compared with cells transfected with the control vectors pSVO and CMVO at all time points (Table 1) .
Measurement of total cellular protein
Transfection with both c-myc . and c-fos protooncogene expression vectors resulted in an increase in total protein levels compared with cells transfected with non-coding vectors (Table 2) .
DISCUSSION
It is well established that myocardial hypertrophy induced by haemodynamic overload is associated with increased expression of a number of early response genes including c-myc, c-fos, c-jun and Egr-I [27] . Whether these genes have a functional role in the hypertrophic response or are simply markers of cell growth remains uncertain. In order to address this question we have developed a transient transfection system to overexpress protooncogene proteins in primary cultures of neonatal rat cardiac myocytes. A variety of transfection methods have been described for transformed cell lines [12] , but one of the major technical difficulties of the application of molecular genetics to the investigation of myocardial growth control and differentiation is the lack of permanent clonal myocardial cell lines [28] . Therefore, in v i m studies require primary cultures of cardiac myocytes which are more difficult to transfect than clonal cell lines, although a method of transfecting myocytes using calcium phosphate precipitation [29, 301 has been reported and technically more advanced adenoviralmediated and direct microinjection transfection methods for these cells have recently been developed [31, 321. The present study optimized electroporation conditions for the transfection of cardiac myocytes. The introduction of proto-oncogene coding vectors allowed the overexpression of c-myc and c-fos mRNAs and proteins within the myocytes as confirmed by Northern and Western blotting, the sizes of the mRNAs and proteins detected being in accord with previous reports [25, 26, 331 . Non-transfected (control) myocytes continued to proliferate in Little information is available regarding the role of c-myc in the control of proliferation of cardiac myocytes. A temporal association in vivo has been shown between a reduction in levels of c-myc mRNA and the transition from hyperplastic to hypertrophic responses in the neonate [38] . The present findings are in accord with studies using transgenic animals to examine the effects of c-myc on cardiac development [39] . A strain of transgenic mice was produced which overexpressed c-myc mRNA constitutively in cardiac myocytes throughout intrauterine and neonatal development. Increased c-myc mRNA expression was associated with myocyte hyperplasia, the transgenic animal hearts containing more than double the number of myocytes in the non-transgenic hearts.
There is a widely held view that myocyte cellular hyperplasia cannot be induced in the mature heart, but recent evidence has suggested that myocytes are able to divide post-natally [39] . These studies demonstrated that non-occlusive coronary artery narrowing in rats led to enhanced expression of proliferating cell nuclear antigen and histone H3 gene expression after surgery [40] and that DNA synthesis was evident in myocyte nuclei 30 days after myocardial infarction, suggesting that DNA synthesis and myocyte proliferation may represent an important adaptive component of the myocardial response to infarction [41] .
The present studies have demonstrated that overexpression of MYC and FOS proto-oncogene proteins in primary cultures of neonatal rat cardiac myocytes results in a hyperplastic rather than hypertrophic growth response. It is well established that neonatal myocytes have the ability to proliferate [l], but the factors involved in the post-natal transition to hypertrophic growth are uncertain. To address whether the c-myc and c-fos proto-oncogenes have a role in this transition, we plan to perform parallel transfection experiments in primary cultures of adult rat myocytes and examine whether overexpression of the proto-oncogene proteins results in hyperplastic or hypertrophic growth.
